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ABSTRACT 


The effect of metastable atom concentrations on moving Striations in 
an argon glow discharge was studied by the technique of irradiative de- 
population Attempts were made to determine the time rate of change of 
the argon metastable atom concentration ir the moving striations by 
measurement of the absorption of resonant wavelengths and by detection 
of the increased emission after absorption. Changes induced in the vari- 
ous parameters of the discharge, when irradiated with resonant energy, 
were also studied. The effect on moving striations due to irradiative 
depopulation of the metastable states of argon by external resonant 
radiation was found to be of considerable significance. It is shown that 
the existence of the moving striations exhibits a profound dependence on 
the concentration of metastable argon atoms existing in the positive 
column of an argon glow discharge. This work lends considerable sup- 
port to existing theories of two-stage ionization processes in glow dis- 


charges containing the noble gases 
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1. Introduction. 
1. 1 Background. 

Many studies have been made of direct current glow discharges 
in the rare gases and mercury vapor. The characteristic features of such 
discharges include the Cathode glow, Cathode dark space, Negative glow, 
Faraday dark space and uniformly glowing Positive column. Even though 
the positive column may appear completely stable, to the eye its behavior 
is far from simple. With a current-pressure product in a certain range, 
moving striations are a common property of the positive column. 

Many attempts have been made to explain the existence and pro- 
perties of moving striations. To date, no adequate theory exists. The 
classical approach to an explanation of moving striations has been to use 
the theory of plasma oscillations. This approach has not been noted for its 
success. A fairly complete review and analysis of plasma oscillations is 
presented by Francis (1). 

Recent theoretical attempts to explain moving striations attribute 
the striation phenomena to space charge waves associated with the produc- 
tion and loss of ions. Watanabe and Oleson (2) showed that traveling waves 
of ion and electron densities can exist 1n the positive column. Their calcu- 
lations are based on a constant ionization rate per electron. The simplified 
expressions representing the traveling density waves have frequencies and 
wavelengths which are widely different from the usual plasma oscillations. 
It is not claimed that moving striations are related to such waves in view 


of the assumptions required to obtain solutions However, it does show 





that 10nization waves may exist in the positive column of a glow discharge. 

Robertson (3) has proposed a theory based on the continuity equa- 
tions for the positive ions, the negative ions, and the metastable excited 
atoms in the discharge. This is the first mathematical approach which 
specifically includes the metastable concentrations and the corresponding 
production and loss processes. 

The predictions of this theory are as follows: 

(1) When a spatially uniform plasma is considered, a high concentration of 
metastable atoms may be necessary to produce instability in the positive 
column. 

(2) Examination of ion balance equations for wave - like solutions results in: 
(a) traveling density waves similar to those predicted by Watanabe and 
Oleson, when variations in the metastable concentration are ignored, and 

(b) traveling density waves dependent on production and loss processes 
which can travel in either direction depending upon conditions in the plasma, 
when all diffusion processes are ignored. 

This theory has not been carried to the point where predictions of 
measurable parameters can be made. The major difficulties seem to be lack 
of ionization and excitation rates, especially those associated with the 
metastable atoms, and the electron distribution function. 

1.2 Evidence to Support the Role of Metastable Atoms. 

In 1950, Kenty (4) studied the role of the metastable (SP) mer- 
cury atom in low current discharges. It was noted that strong illumination 
of the discharge with a second mercury discharge nearly doubled the tube 


2 








-—~—_ « —_———~ — _—«  c__ pam 

~~ 6b = ae 

OO LLL LEAL LL AAD 

— —_ = 
O— EO mm 

— | eT Sr 

== atl) > ca + 

_— * yw ee OC - 

retin 




















potential, doubled the electron temperature, doubled the 2537 A line inten- 
sity, and nearly suppressed the ordinary running (moving) striations These 
effects are explained on the basis of destruction of the mercury metastables 
by the resonant radiation, the striations in pure mercury apparently being 
dependent on two stage ionization involving the production of metastable 
atoms. 

Donahue and Dieke (5) also propose a two stage ionization process 
involving the production of metastable atoms. This process is proposed as 
a possible explanation for the phase lag of up to 20 microseconds between 
the excitation of the 2537 A line and the 4358 A line observed in moving 
striations in mercury. 

Further evidence, although not directly concerned with moving 
striations, has been furnished by Meissner and Miller (6) in their experi- 
ments involving resonant radiation with the various rare gases’. By irradiat- 
ing He, Ne, A, and Xe discharges with discharges containing the same gases, 
they showed a definite increase in the discharge tube potential (at constant 
current) 1n each case. In He, they showed that this increase was due en- 
tirely to the 20,852A resonant line, which will cause depopulation of the 
metastable state. For argon, the increase in the discharge tube potential 
was considerably greater than for the other gases. They attribute this large 
increase to the very long lifetime of the argon metastable atoms. Unfortu- 
nately, they did not investigate the effect on the moving striations, but the 
effects on the discharge tube potential are in agreement with those found 


by Kenty (4) working with mercury. 
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Pekarek (10), working with neon, also observed changes in the 
parameters (such as velocity of propagation and wavelength) of both the 
slow waves (positive striations) and the fast waves (negative striations) 
when the experimental discharge was irradiated with another neon discharge. 
He also reports an increase in amplitude of the fast wave and a decrease in 
amplitude of the slow wave. In this work, he concludes that this evidence 
supports the view that the slow waves involve a stepwise ionization pro- 
cess involving metastable atoms, while the fast waves involve direct ion- 
izabion. 

Hakeem and Robertson (8) performed experiments with plasmas of 
K, Rb, and Cs, none of which have metastable states, examining in parti- 
cular for the presence of the moving striations. They reported that at no 
time were moving striations observed. They used discharge tubes with 
diameters of from 1 to 3 cm and 20 to 30 cm between electrodes, at pres- 
sures from 0.01 to 2.0 mm Hg and a current range from 0 to 400 ma. They 
did observe anode spot oscillations moving into the positive column and 
attenuating within 1 cm of the anode. 

Hakeem and Robertson (9) have recently observed effects of irrad- 
iative depopulation of metastables in neon. They were able to produce 
moving striations in neon by irradiating an experimental discharge with a 
second neon discharge when there were initially no moving striations in the 
experimental discharge. They were also able to destroy moving striations 
in the experimental tube by irradiation when initially the experimental dis- 
charge did have moving striations present. In the first case, the experi- 
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tube contained 0 83 mm Hg pressure with 5 ma of current and the latter 
case was with 10 ma of current at the same pressure. They also reported 
striking changes in the striation pattern in the experimental discharge when 
changing the illumination level of irradiation on a length of only 4.5 cm at 
the cathode end of the positive column. 

Our experimental observations are assessed as being qualitatively 
in agreement with the predictions of the Robertson theory. These effects 
are measured in our own work with argon. Qualitative information is ob- 
tained in relation to the mechanism proposed by Robertson. 

1.3 The Present Problem. 

In view of the evidence to support the interrelation between the 
metastable atoms and moving striations, this work has been undertaken in 
an effort to determine the metastable concentration within the moving stria- 
tions and the phase relationship between the maximum metastable concen- 
tration and the moving striation maximum light intensity. From this it is ex- 
pected that some measure of the excitation and ionization rates of meta- 
stable atoms may be obtained. 

In addition, investigations are performed by irradiating sections 
of the positive column in argon and the changes in the striation and dis- 
charge behavior are noted. There is considerable correlation between the 
effects demonstrated by Kenty (4) in mercury vapor and those reported by 
Hakeem and Robertson (9) in neon. Further work is necessary in order that 
the effects in the other rare gases may possibly be correlated with those 


already demonstrated in mercury and neon 
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2. Experimental Equipment. 
Z.1 Vacuum System. 

A schematic diagram of the vacuum system is shown in Fig. l. 
This system was constructed by A. W. Cooper in 1959. The principle com- 
ponents of the system include two cold traps, one high vacuum bakable 
valve situated so that the discharge tube can be isolated from the rest of 
the system, an 80 cm octoil manometer, one diffusion pump, one fore pump, 
two gas bottles and an ionization gage This system is capable of reduc- 
ing the pressure in the discharge tube to about 5 x 10-7 mm Hg 

All discharge tubes were connected to the vacuum system after 
they had been baked at a temperature of 400° C for periods ranging from 16 
to 24 hours. The electrodes in the tubes were heated to a bright red-orange 
color with a Scientific Electric Co. induction heater in order to drive off dis- 
solved gases and other impurities. The discharge tube was then filled with 
approximately 5 mm Hg pressure of argon and the discharge started While 
the discharge was running, the tube was pumped down very slowly. This 
procedure was carried out several times before the final gas at the required 
pressure was placed in the tube and measurements taken. The discharge 
tubes were normally filled after the system had been evacuated to a pres- 
sure between 8 x 1077 and 2 x 1078 mm Hg. This vacuum provided a rela- 
tively pure discharge and was considered adequate for the experiments. 

The pressure in the system (before filling) was determined by the 
use of a Consolidated Electrodynamics Corp. ionization gage, type DPA-38 
with a VG-1A sensing tube, for high vacuum measurements. The gas 
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pressure in the tube after filling was measured on the octoil manometer 
(1 cm of oil equals 0.725 mm Hg). 
Z.2 Discharge Tubes. 

Details of the construction of the discharge tubes used in this 
experiment are shown in Fig. 2. All filaments were constructed of tung- 
sten and spot welded to nickel leads. The cylinders used for the auxiliary 
discharge were constructed of nickel and spot welded to tungsten supports. 
All electrodes were constructed so as to permit Pupp’s anode operation using 
either end of the discharge tube. This practice doubles the tube life since 
either electrode may be used as the anode or cathode simply by reversing 
the direction of current flow through the tube. Thus filament failure on one 
end does not destroy the usefulness of the discharge tube. 

Z.3 Discharge Circuit and Equipment. 

A schematic diagram of the discharge circuit and associated equip- 
ment is shown in Fig. 3. Electrical power for the main discharge was fur- 
nished by a Kepco model 770B power supply, providing a regulated dc volt- 
age of up to 600 volts and 2.5 amps maximum. When higher voltages were 
necessary, two such power supplies were connected in series Three re- 
sistor banks were connected in series with the main discharge. Two of 
these resistor banks inserted resistance by means of two-way switches 
and allowed for the insertion of two 3.6 kohm, variable resistors. With 
all resistance in these banks in the circuit, the total resistance amounted 
to 172.2 kohm. The third resistor bank consisted of five decade resistor 
boxes which permitted the insertion of additional resistance of up to 555.5 
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Fig. 2. Discharge Tube Construction 
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kohms. For operation at very low currents, a supply voltage of approxi- 
mately 1000 volts and practically all the resistance afforded by the circuit 
was found to be necessary. 

When operating the discharge above 100 ma, a directly heated cath- 
ode was always used. Below this value, the cathode was operated hot or 
cold as required. Power for cathode heating was provided by a Kepco, 
model KM 236-15A, dc power supply, providing a maximum of 35 volts and 
15 amps. 

For operation of the Pupp's anode, a Kepco, model 605, voltage 
regulated dc power supply was used. This supply provided up to 600 volts 
and 0.5 amps maximum. The anode discharge was usually operated with 
100 volts or more and with currents up to 300 ma. This auxiliary discharge 
produces a high concentration of electrons and positive ions in the anode 
fall region which eliminates the anode oscillations by allowing the positive 
column to extend to the anode surface. Cooper's (13) work gives a complete 
analysis of the relationship between anode oscillations and moving stria- 
tions. 

Other equipment used in this work will be described in detail in the 


appropriate section: 


gi 





3. Techniques for the Measurement of Striation Metastable Concentration. 
3.1 Theory. 

Atoms in excited states generally make optical transitions to lower 
states in times of the order of 1078 seconds. Unless election densities are 
very high, few collisions with excited atoms occur in this time. Exceptions 
to this general rule are the atoms in metastable states which are forbidden 
to make dipole transitions to lower states and therefore may exist for much 
longer times. In particular, the mean metastable lifetime for argon ina 
normal glow discharge is about 3.5 milliseconds (6). 

The argon metastable levels, the 4s(] V9) and the 4s'(1/2) are shown 
in Fig. 4; optical transitions associated with these levels are shown on an 
enlarged section of this diagram in Fig. 5. The term resonant radiation 
will be used when referring to radiation having the discrete photon energy 
required to promote an atom from a metastable state to a higher excited state. 
The optical transition into a metastable state corresponds to the resonant 
wavelength which will promote transitions out of the metastable state. 

An atom may be removed from a metastable state to the ground state 
by providing radiation at the resonant wavelength which will excite the meta- 
stable to an excited state of higher energy from which a dipole transition to 
the ground state is allowed. The transitions to the ground state may be direct 
or via an intermediate state. The probability of exciting this atom to a higher 

excited state is greatest when the resonant wavelength selected corresponds 
to the highest relative intensity of the optical transition into the metastable 


state. For example, excitingametastable argon atom with resonant radiation 
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at 7639A will cause a transition from the 4s} 9 metastable level to the 4p19 
level (see Fig. 5). From the 4p,9 level, dipole transitions to ground are 
allowed via the 4s ]j level emitting the 8006A line, or via the 4s‘'g ] level 
emitting the 9224A line. If a beam of resonant radiation at 7635A were 
passed through an unknown concentration of argon metastable atoms, the 
amount of radiation absorbed would theoretically furnish enough information 
to determine the concentration of atoms in the 4s]12 metastable state. Also, 
the increased emission of the 8006A line and the 9224A line would furnish 
an indication of the concentration. Therefore, the 7635A resonant wave- 
length can provide an indication of the metastable atom concentration by 
emission of radiation in depopulation or by loss of energy from the incident 
beam of resonant radiation. 

Not all resonant wavelengths will destroy the argon metastable 
atoms. For example, the 8115A resonant wavelength will excite the atom to 
the 4p93 level (see Fig. 5), but the only allowed dipole transition is back to 
the original metastable level with reemission of the 8115A line Therefore, 
the 8115A resonant wavelength would not destroy the metastable atoms but 
the amount of radiation absorbed at this wavelength would theoretically 
provide enough information to determine the concentration of atoms in the 
4512 metastable state. 

Another phenomenon with argon is the depopulation of the metastable 
48,9 state which results 1n an increase in the population of the metastable 
4s'99 state. The reverse process is also possible. Resonant radiation at 
9123A will excite metastable atoms from the 4519 level to the 4po, level 
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(see Fig. 5) from which transitions to ground are allowed via the 4s] level, 
emitting 9658A radiation or to the 4s" QQ metastable level emitting 10470A. 

One of the major objectives of this work was to determine the con- 
centration of metastable atoms within the moving striations, and the phase 
relationship between the maximum metastable concentration and the maximum 
striation light intensity. As previously mentioned, (section 1.1) one of the 
main limitations of the Robertson (3) theory is the lack of ionization and ex- 
citation rates for the metastable atoms. The time rate of change of the meta- 
stable concentration in the striated argonglow discharge would possible fur- 
nish enough data to obtain a functional form for these rates. 

The two approaches used to determine the metastable concentration 
were: (1) detecting the attenuation by the striated discharge of a uniform 
beam of radiation at a resonant wavelength, and (2) detecting the increased 
emission from the level to which the metastables have been excited by reson- 
ant radiation. 

3.2 Absorption Technique. 

The 8115A resonant wavelength was used because it is the strong- 
est resonant line, as indicated by the relative intensity in Table I_ This 
resonant wavelength will not alter the metastable concentration as described 
in Section 3.1; however, the absorption from an incident beam at this wave- 
length will provide a measure of the metastable concentration. Since the 
transition probability 1s proportional to the intensity of the transition, this 
resonant line should theoretically show the greatest absorption as compared 
to the other argon resonant lines (see Table 1). 
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Table 1 


Relative Intensities for the Optical Transitions in Figure 5. 








Intensity | Detectable 
Intensity (c) 


Wavelength Transition 
(Angstroms) AIP (a) 


Upper| Lower 
State State 


Deb O.359 
Um 0.56 
339 L009 
eon fo. 48 
O92 0.36 
0.94 OsseZa7 
Yr os 0.47 
295 Oss 
Pod 1 .00 
DoS 0.24 
Sob 0.34 
0.96 0.43 
wos 0.17 
0.81 O03 
= 0.18 
= 0.05 





(a) AIP (American Institute of Physics) notation. 

(b) Relative intensities from the American Institute of 
Physics Handbook. 

(c) Relative intensities using the RCA 7102 phototube 
and the Baird grating monochromator with 750 micron 


slits. 
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Shown in Fig. 6 is the equipment arrangement used to detect the 
attenuation of a beam of resonant wavelength passed through the striations. 
Two phototubes, PM-1 and PM-2, were arranged in such a manner that each 
would receive identically the same changing light signal from the nine 
striations. The phototube responses were sent to a low level ac differential 
amplifier where the signals canceled each other. Then a beam of constant 
light intensity at a resonant wavelength selected by the monochromator was 
passed through the positive column to PM-2. If the constant intensity of this 
incident beam were modulated by absorption due to the changing metastable 
concentration, PM-2 would have a modulated signal superimposed on the 
changing light signal from the moving striations. Since the changing light 
signal from the moving striations would be cancelled at the differential ampli- 
fier by the signal from PM-1, the modulated signal should be presented on 
the oscilloscope. This modulated resonant signal would then give an indica- 
tion of the time rate of change of the metastable population within the moving 
striation and the phase relationship between the maximum metastable con- 
centration and the maximum striation light intensity. 

All attempts to apply this technique gave inconclusive results. The 
primary limiting factor was the ability to obtain a source of sufficient strength 
at the desired resonant wavelength. Each component of the experimental set- 
up will be discussed separately, emphasizing the capabilities and limita- 
tions Recommendations to improve this approach are also considered. 

The Amplifier. 

The Tektronix 551 oscilloscope with a Tektronix low-level differen- 
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Fig. 6. Equipment Arrangement for the Absorption Technique. 
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tial ac preamplifier type E, was used to amplify and display the waveforms. 
The 551 'scope contains two electron beams controlled by the same x- 
deflection system. This design permitted the modulated signal to be pre- 
sented on one beam and an independent striation pattern on the other beam 
for phase measurements. The type E unit has a sensitivity of 50 microvolts 
per cm to 10 millivolts ee cm in eight fixed calibrated positions which are 
also continuously variable between the fixed positions, thus extending the 
range up to Z5 millivolts per cm. This unit provided an adjustable high- 
frequency response with 3 db points at 50 cps, 250 cps, 1 kc, 10 kc, and 
20 to 60 kc. For exactly inphase signals, this unit has a rejection ratio of 
50,000 to 1. The maximum common-mode signal amplitude which can be 
canceled satisfactorily is about 2 volts peak-to-peak, if there is no dc 
associated with these signals. 

The responses from the phototubes were sent to the differential 
amplifier using the circuit arrangement shown in Fig. 7. All leads were 
shielded and of minimum length. The blocking capacitors are as large as 
practical to prevent signal distortion. Low noise, precision resistors were 
used for bleeding current from the capacitors to ground. The blocking 
capacitors and the bleeder resistors were placed in a mumetal box to 
prevent pickup of stray signals. 

Calibration of the differential preamp was accomplished using two 
inphase 2 volt peak-to-peak square wave signals from the oscilloscope 
calibrator. These signals were sent through the above circuit and could be 


canceled with a maximum deflection of 10 microvolts of noise presented on 
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Fig. 7. Photomultiplier Circuitry 
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the oscilloscope screen. The 10 microvolts of noise represented 0.2 cm 
of deflection using the differential preamp 50 microvolts/cm sensitivity 
position (highest sensitivity available) . 

Photomultipliers. 

The RCA 7102 photomultiplier tube was used because its spectral 
sensitivity response has a maximum value between 7000A and 9000A (see 
Fig. 8). This range of sensitivity contains the majority of the wavelengths 
considered for use in measuring the population of the argon metastable 
levels, as shown in Fig. 5. The characteristic curve for the 7102 at various 
values of dynode voltage is shown in Fig 9. 

The phototube cases and dynode circuits were made by Eldorado 
Electronics. The cases provided a heavy mumetal shield for the phototube. 
Other phototube cases without mumetal shielding were tested but showed 
considerably greater noise and less stability at the output. The dynode cir- 
cuit arrangement is shown in Fig. 10. 

High voltage for the phototubes was provided by using four Burgess 
V200, 300 volt dry cell batteries connected in series. The necessary cir- 
cuitry to provide two isolated but variable high voltage outputs is shown 
imeeig. 7. This arrangement provided a smooth dc high voltage variable 
from 800 to 1200 volts. Lower voltages, when desired, could be obtained 
by removing one of the batteries. High voltage electronic power supplies 
were unsatisfactory because of the ac ripple at the output. 

Light from a narrow section of the discharge was selected with a 
pair of narrow slits 8 cm apart, mounted in front of the photocathode. This 
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simple collimating system prevented stray reflections from reaching the 
photocathode and also maintained the light intensity to the photocathode 
within the limits for linear and stable operation. For linear operation, the 
ratio of anode current to voltage divider current should not exceed 0.1. For 
stability, the average anode current should be well below 10 microamperes. 

Since the ultimate objective was to measure a small modulated 
signal superimposed on a relatively large striation signal, the dark current 
noise and the "light noise” associated with phototube measurements were of 
major concern. Dark current, or thermionic emission, is produced by elec- 
tions emitted from the photocathode because it is at a finite temperature. 
The elections are emitted in a random fashion, and give rise to dark current 
noise which is proportional to the square root of the dark current (11, 12). 
In a similar manner, light noise 1s produced by the random emission of the 
elections from the photocathode due to incident light and is proportional to 
the square root of the light intensity. Refrigeration of the phototube reduces 
the dark current and dark current noise, but there is no way of reducing the 
light noise at a given light intensity. 

The important quantity to be measured is the signal-to-noise ratio. 
Since the light noise increases only as the square root of the intensity, the 
signal to noise ratio can be improved by increasing the light intensity. This 


is shown by the following relation (11). 


(s/n)? = ipt/22 (Sf) (ip + 44) 


Zs 





where s/n is the signal to noise ratio, e the electron charge, Af the band- 
width of the amplifier and associated circuits, lp photo-current produced 
by the light, and i, the dark current. If the light intensity is increased 

by a factor of four, the signal-to-noise ratio will be doubled provided that 

the dark current noise is much less than the light noise. If the dark current 
is appreciable, the signal-to-noise ratio will be greater, but this implies 
that the signal-to-noise ratio was originally quite low. For any given range 
of light levels to be measured, it is desirable that the limiting factor in de- 
tectability or precision of the measurement be light noise and not dark cur- 
rent noise. 

Dark current and dark current noise for the phototubes are tabulat- 
ed in Table 2. The dark current is measured directly where the dark current 
noise is the peak-to-peak deflection presented on the oscilloscope for vari- 
ous values of dynode voltage. The important quantity is the peak-to-peak 
deflection presented on the oscilloscope (to be referred to hereafter as noise) 
with both phototubes operating at a dynode voltage which will give the same 
response to a changing light signal. This is also tabulated in Table 2. 
PM-1 required a dynode voltage 50 volts greater to match the ac response 
omrewi-2 . 

An indication of the magnitude of light noise was obtained by hav- 
ing two in-phase light signals canceled at the preamp and observing the 
noise presented on the oscilloscope as the dynode voltage was increased. 
For example, a 200 millimicroampere peak-to-peak striation response (deter- 
mined with a dynode voltage of 1000 ) would indicate a noise level greater 
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Table 2 


Phototube Dark Current and Dark Current Noise. 


Dynode Dark Current Dark Current Noise (a) | Dark Current Noise 
Voltage | Millimicroamps Microvolts Microvolts 
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(a) Peak-to-peak oscilloscope deflection. . 
(b) PM-1 operating with a dynode voltage 50 volts 


greater than PM-2. 
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than the dark current noise with dynode voltages at 750 volts. For a corre- 
sponding 100 millimicroampere response, the noise level would exceed the 
dark current noise with the dynodes at 900 volts. In the first case, the com- 
bined noise level would be about 300 microvolts for the dynodes at 950 volts 
and the second case about 150 microvolits at the same dynode voltage. Add- 
ing a constant light signal to PM-2 equal to the peak-to-peak striation 
response would degreade the response of PM-2 considerably. A constant light 
signal equal to about 50% of the striation response would not degrade the 
response of PM-2 enough to be detected but would increase the combined 
noise by about 30%. A constant light signal corresponding to 20% of the 
peak-to-peak striation response, would increase the total noise by about 10%. 
Taking into consideration the noise levels, the dynode voltage limits were 
selected between 800 and 1000 volts depending on the peak-to-peak stria- 
tion signal. 

The critical factor to consider in obtaining satisfactory conditions 
for detection of a modulated signal superimposed on the striation signal was 
the ratio of the striation signal to the constant resonant light signal. (Stria- 
tion signals were determined in terms of peak-to-peak detectable phototube 
current as calculated from the oscilloscope deflections. Constant light sig- 
nals were measured directly with a differential photometer, Eldorado Elec- 
tronics Model 210.) If the above ratio is less than two, the phototube 
response is degraded. If the ratio is greater than ten, the modulated signal 


will be hidden in the total noise presented on the oscilloscope. 
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Discharge Conditions. 


One of the major discharge requirements was a steedy striation 
pattern over a fairly wide current range The conditions selected, in terms 
of current and pressure, were 50 to 500 milliamperes and 3 to 8 mm Hg. 
Cooper's (13) work furnished excellent data for the striation parameters with 
these operating conditions. The striation frequency was generally less than 
1 kc so the 1 kc frequency response setting of the differential preamp could 
be used when desired This frequency response attenuated the striation wave- 
form to a small degree; however. the reduction in high frequency noise was 
considerable. The discharge was generally operated hot cathode and an anode 
auxiliary discharge was used at all times to prevent anode oscillations. 

With the above discharge conditions, the striation peak-to-peak 
phototube response could be varied from 50 to 500 millimicroamperes. These 
values are well below the maximum usable signal for the phototube and the 
differential preamp. 

Monochromator. 

A Baird Associates one meter grating monochromator was used to 
select specific resonant wavelengths. The grating was blazed for maximum 
transmission of wavelengths from 35,000A to 45,000A which corresponds to 
the fifth order of diffraction for the argon lines of interest. A Corning Glass 
Works infrared transmitting filter, C.S Number 7-69, was used at the mono- 
chromator input to eliminate interference from other orders of undesired wave- 
lengths. The spectral transmission curve of this filter is shown in Fig. 11. 
The POnOcuro mater would resolve specific spectral lines within + 3A with 
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75 micron slits and within + 8A with 750 micron slits. 

The resonant radiation from the monochromator was passed through 
a collimating lens, and then through the positive column to the phototube 
which had a collimating arrangement in front of the photocathode as described 
previously. Approximately 20% of the energy leaving the monochromator was 
detectable at the phototube. Preliminary alignment was accomplished visually 
using the mercury green line. Final alignment was completed using a photo- 
tube as the detector for the desired resonant wavelength. The detectable re- 
sonant energy was measured directly in terms of phototube current with a dif- 
ferential photometer, Eldorado Electronics Model 210. 

The Source. 

As stated previously, the ratio of the striation signal to the con- 
stant resonant radiation signal has to be greater than two but less than ten 
for the modulation of the resonant signal to be detected. The striation signals 
range from 50 to 500 a therefore, the desired resonant sig- 
nal should be from 5 to 250 millimicroamperes. 

The initial source Sse was a tungsten filament lamp. Since 
tungsten acts as a near blackbody radiator, it appeared to be convenient from 
,the standpoint of intensity and uniform energy distribution. For a blackbody, 
the energy emitted per unit wavelength interval has a maximum at a wave- 
length which depends only on the temperature of the body. To obtain maxi- 
mum radiation in the vicinity of 8000A, the blackbody pieces required 
is about 3600°K using Wien's displacement law, or a corresponding tungsten 
temperature of 3450°K using data from Forsythe and Watson (14). 
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Various types of tungsten lamps were built and tested, but a tem- 
perature of 3450°K was never attained. The best tungsten lamp for maximum 
temperature and uniform energy distribution was the General Electric (Micro- 
scope-illuminator 18A-T10 SR 8 filament) ribbon filament lamp. This lamp 
could operate at about 3050°K for extended periods. At this temperature, the 
‘maximum detectable constant light signal was 150 millimicroamperes (dynode 
voltage 1000 V) when using 750 micron monochromator slits. This would have 
been a satisfactory constant light signal if it could have been restricted to 
the resonant wavelength. Since the tungsten spectrum is continuous, this 
detectable energy was distributed over at least + 8A at the desired wavelength. 
Assuming a regular contour for the distribution of the energy at the monochrom- 
ator exit slit, less than 10% of this energy is within a unit wavelength at the 
desired wavelength selected by the monochromator. This is unsatisfactory 
in terms of phototube detection because all of this energy excites the photo- 
cathode while only a fraction of the energy is sufficiently near the desired 
transition frequency to exhibit resonant absorption. 

The only practical source that would eliminate the undesirable dis- 
tribution of energy shown by tungsten is an argon source. Even though ex- 
cited gases show relatively weak spectra, the argon resonant wavelengths 
could be separated by the monochromator so that the majority of the energy 
detected by the photocathode would be at the resonant wavelength A 
Central Scientific Co. argon spectral tube was used and excited with dc 
power and with a 45 Mcrf oscillator. With the rf oscillator it was possible 
to obtain approximately twice the radiant energy obtained by exciting the 
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the argon with 1000 volts dc. The maximum detectable energy attained was 
2 millimicroamperes (the minimum desired was 5 millimicroamperes) using 
the Central Scientific Co. spectral tube excited with the rf oscillator. The 
intensity of this source is limited by vapors released from the glass at high 
excitation currents. These vapors produce spectra which obscure the argon 
spectrum. 

Various discharge conditions were investigated using the 2 milli- 
microampere resonant signal; however, under all conditions the modulated 
Signal, if present, was obscured in the phototube noise. Refrigerating the 
phototubes may reduce the total noise to a level where detection is possible 
in avery limited range of discharge conditions The time available did not 
permit a study of this possible improvement. 

Summary. 

The primary limitation of the absorption technique, as applied in 
this work, was the ability to obtain a source of sufficient Parone at the 
desired resonant wavelength. Only 20% of the energy leaving the mono- 
chromator is detectable at the desired phototube, but this is one of the bal- 
ancing factors for this approach. Most of the energy lost during the transfer 
from the monochromator to the phototube is due to the size and separation 
of the collimating slits in front of the photocathode. Making these slits 
larger would increase the energy transferred; however, it would also increase 
the striation signal to the photocathode. The ratio of striation signal to con- 
stant resonant signal would remain about the same but the photocathode would 
have a larger total signal and a small modulated signal would be even more 
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difficult to detect. Therefore, the only foreseeable improvement in the ratio 
of striation signal to constant resonant signal would be to increase the 
source intensity. Refrigerating the phototubes may reduce the total phototube 
noise, as presented on the oscilloscope, sufficiently that a modulated signal 
could be detected when using the maximum constant resonant signal obtained 
from the spectral tube. This improvement, if indeed the total phototube noise 
is substantially reduced, would be limited to a small range of discharge con- 
ditions . 

The fact that the total striation signal is impressed on the photo- 
cathode leads to the requirement for an intense source. The authors do not 
believe that it will be possible to obtain a source of sufficient intensity to 
apply the absorption technique as described above. An improved absorption 
technique will be outlined later in this paper. This improved approach will 
effectively reduce the striation signal to the photocathode thereby eliminat- 
ing the requirement for a more intense source. 

3.3 Emission Technique. 

When a metastable atom is destroyed by resonant radiation, there 
will be energy emitted from a higher excited state as the atom reins to the 
ground state via allowed transitions as described in Section 3.1. For ex- 
ample, irradiating a narrow section of the positive column with the 8015A 
resonant wavelength would excite metastables from the 4s12 to the 4p99 
level (see Fig. 5). The metastable atoms excited to the 4p99 level can re- 
turn to the ground state via the 4s}] level emitting 8425A or via the 4s'g, 
level emitting 9784A. If enough metastable atoms are excited to this higher 
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energy state in a narrow section of the positive column, it should theoret- 
ically be possible to detect the increased emission of the 84Z5A or 9784A 
line. 

The equipment arrangement for detente this increased emission 
when metastable atoms are destroyed is shown in Fig. 12. Two monochrom- 
ators, M-1 and M-2 with phototubes PM-1 and PM-Z, are set up so that 
each would receive the same emission wavelength from the moving striations. 
The monochromators are separated by one wavelength (striation spacing) since 
emission of radiation Occurs in all directions. The phototube responses are 
fed to the differential preamp where the signals cancel each other. Then an 
intense beam of constant light intensity at a resonant wavelength selected by 
the filter is passed through a narrow section of the positive column in the 
same region manera monochromator M-1 is selecting the desired emission wave- 
length. If the metastables are destroyed inthe vicinity of monochromator M-l, 
PM-1 should detect a greater emission signal than PM-2. This additional 
emission signal would be presented on the oscilloscope. A detailed analy- 
sis of the ‘scope presentation and the original striation wave form would give 
an indication of the metastable concentration. 

Theoretically this approach is sound. However, the number of 
metastable atoms that would need to be destroyed is very high since the re- 
sulting emission spectrum lines are radiated throughout 4 Tl sterradians. 

Of the total emission due to destruction of metastable atoms, approximately 
1/5000th could énter the monochromator and be detected by the phototube. 
Since the phototube signal is initially very small, one discrete wavelength 
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Fig. 12. Equipment Arrangement for the Emission Technique. 
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compared to the entire striation signal for the absorption technique, an 
additional small signal should be readily detectable. This approach was 
undertaken to see if it is possible to detect the additional radiation caused 
by depopulation of a metastable state. 

The initial limiting factor for this technique was the ability to con- 
struct an additional monochromator with characteristics matched with those 
of the Baird grating monochromator described in Section 3.2. This additional 
monochromator was constructed using available materials. A Bausch and 
Lomb Optical Co. 600 grooves per mm unblazed grating was mounted ona 
suitable platform separated one meter from the adjustable slits. Even with 
adjustable slits, using various orders of the argon resonant wavelengths, it 
was not possible to match the outputs from the two monochromators. There- 
fore, no results were obtained and no qualitative analysis is possible. 

3.4. Conclusions and Recommendations. 

Conclusions. 

No conclusive results were obtained in our efforts to measure 
the metastable population within the moving striations. It is hoped that fur- 
ther studies may benefit from the problems encountered in this work while 
attempting to make such measurements. 

In view of the evidence which supports the role of meta- 
stable atoms in a striated glow discharge (see Section 1.2 and Section 4 of 
this report), the importance of determining the time rate of change for the 
metastable concentration is clear. To date. all the evidence presented is in 
terms of the overall effects on the striated discharge parameters. If an ade- 
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quate theory is to be devised which will explain the existence and behavior 
of moving striations, 1t is imperative that the excitation and 10n1zation rates 
for metastable atoms be determined. The time rate of change of the meta- 
stable concentration should provide sufficient information to obtain these 
rates. 

Recommendations. 

An improved absorption technque is believed to be the simplest 
approach that can be used to obtain accurate measurements of the time rate 
of change of the metastable population in a striated glow discharge. Shown 
in Fig. 13 is the equipment arrangement for this approach. The equipment 
requirements and procedure are similar to those described in Section 3.2. 
The main differences are: (1) the use of two matched monochromators which 
are arranged to receive an identical single resonant wavelength from the 
striations, and (2) the use of a filter to select the resonant wavelength de- 
sired. These changes provide the following improvements: (1) selecting a 
single resonant line from the striations reduces the signal to the photocath- 
ode by as much as two orders of magnitude, and (2) using a filter to select 
the constant resonant signal will decrease the energy lost in the transfer 
process. 

The ratio of striation signal to constant resonant signal can readily 
be controlled due to the location of the source in relation to monochromator 
M-1 (see Fig. 13) which will detect the striation signal and the resonant 
signal This arrangement eliminates the requirement for a very intense 


source. The spectral tube described in Section 3.2 should be adequate for 
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preliminary investigations. A source which will provide greater intensity, 
if required, is described by Ryde (16). This source contains two closely 
spaced electrodes, the discharge‘being viewed through a hollow cathode or 
hollow anode. 

The limits on the ratio of striation signal to resonant signal 
were previously required due to the large striation signal impressed on the 
photocathode. Since the striation signal for this modified approach is very 
small, it is estimated that the above ratio may be as smallas 1/10 (the 
resonant signal 10 times greater than the striation signal) without degrading 
the phototube response. In view of the small signals on the photocathode, 
it may be advisable to refrigerate the phototubes to reduce the dark current 
noise. 

The monochromators need to be matched and should be able 
to resolve specific spectral lines within Tea. Narrow bandpass filters are 
required for selecting the resonant wavelengths. Since 8115A is the most 
desirable resonant wavelength for absorption studies, a filter which will 
transmit maximum energy at this wavelength and absorb the nearest other 
resonant wavelength, 8015A, (see Fig. 5), is required. This will prevent 
the destruction of metastable atoms in the 4s]9 state (see Fig. 5) while 
absorption measurements are being made. The absorption of the 7635A re- 
sonant line may be used; however, this resonant wavelength will cause de- 
population of the 4s19 states and may cause changes in the striation wave- 


Torm. 


39 





4. Resonant Radiation Effects. 
4.1 Previous Work. 

Since 1950, several investigators have shown that gross effects 
can be produced in a discharge tube containing any of the noble gases, or 
mercury, when the discharge is illuminated with a second discharge con- 
taining the same gas. Kenty (4), in 1950, was among the first to note 
these effects, but Meissner and Miller (6), Donahue and Dieke (5), Hakeem 
and Robertson (9), and Pekarek (10) have all reported similar events since 
that time. Unfortunately, Meissner and Miller were concerned only with 
the potential change across the discharge tube when it was irradiated. How- 
ever, they did observe this effect in all of the noble gases except radon. 
The other investigators used only neon, with the exception of Donahue and 
Dieke and Kenty. Donahue and Dieke used several of the rare gases and 
also mercury vapor. Kenty confined his experiments to observations of the 
phenomena that occurred in mercury vapor when irradiated with a second dis- 
charge. There appears to be good correlation among the results reported. 

In general, the observed effects of resonant radiation are as 
follows: (1) an increase in the discharge tube potential at constant current: 
(2) changes in the frequency, wavelength and velocity of the moving stria- 
tions; (3) reduction of the light intensity of the moving striations: and 
(4) complete elimination of the moving striations under certain operating con- 
ditions. Those who have noted these phenomena are in general agreement as 


to the reasons for them. Meissner and Miller (6) propose that the potential 
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change is due to the destruction of metastable atoms in the discharge. 
Kenty (4), Donahue and Dieke (5), Pekarek (10) and Hakeem and Robertson 
(9), all explain the other phenomena, as well as the potential change, by 
such a process. 

This work is undertaken for the purpose of attempting to corre- 
late the effects observed in argon with those previously observed in neon 
and mercury. In addition, a determination of the distribution of metastable 
atoms throughout the positive column is attempted. 

4.2 Technique for Measurement of Resonant Radiation Effects. 

Fig. 14 shows the experimental arrangement used for the mea- 
surement of changes induced in the various parameters of the experimental 
discharge when illuminated with an external resonant radiation source. 

With the irradiating source in position, but with light shields in 
place to prevent illumination of the main discharge, current through the tube 
and the potential across the tube were recorded. The frequency of the stria- 
tions was read directly from the electronic counter and cross checked with 
the frequency as presented on the oscilloscope by the photomultipliers. The 
output of the photomultipliers was adjusted by varying the dynode voltage so 
that the trace presented on the oscilloscope from the cathode end of the dis- 
charge tube was equal in amplitude to the trace presented from the anode end. 
The wavelength of the striations was read directly from the optical bench on 
which the photomultipliers were mounted. This was accomplished by moving 
one of the photomultipliers along the tube until the striation traces on the 
dual beam oscilloscope were in phase. This position was noted and the 
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LIST OF EQUIPMENT IN FIG. 14. 
Kepco, model 605, voltage regulated dc power supply. 
Kepco, model 770B, voltage regulated dc power supply 
Kepco, model 1250B, voltage regulated dc power supply 
Irradiating source. 
RCA, type 7102, photomultiplier tube. 
4 Burgess U-200, series connected dry cell batteries. 
Weston Electrical Inst. Corp., model 622, ammeter. 
RCA, model WV-98B, voltmeter. 
Resistors, 94.2 kohms. 
Resistors, 78.0 kohms. 
Resistors, decade boxes, 555.5 kohms. 
Resistor, 50 megohm. 
Source light distribution panel. 
Tekronix, type 551, dual beam oscilloscope. 
Scott Inc., type 140A, decade amplifier. 


Hewlett Packard, model 521C, electronic counter. 
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photomultiplier again moved until the two traces were again in phase. This 
was done a minimum of three times and an average wavelength determined 
for each operating condition of the discharge tube. The accuracy of these 
measurements is approximately + 6%. 

In this manner, while the discharge tube was not receiving any 

irradiation, the following measurements were recorded: 
(a) Discharge current, 
(b) Discharge potential, 
(c) Striation frequency, 
(d) Striation wavelength. 

Following the above measurements, the light shields were remov- 
ed, the current adjusted to its original value, and the values of the above 
quantities were again recorded where possible. (It should be noted that the 
frequency and wavelength were usually not measurable because the discharge 
was generally unstable when irradiated.) A third set of measurements was 
made with Corning Glass Works infra-red transmitting filters, C.S. No. 7-69, 
inserted between the irradiating source and the main discharge. The filters 
were then removed, the current adjusted to the original value, and the quan- 
tities measured again. This provided a check on the previous non-filtered 
measurements. Finally, the light shields were replaced and the current 
again adjusted to the original value. The original discharge conditions were 
duplicated at this time (discharge tube not receiving any irradiation) and the 
various quantities were again recorded as a check on the initial readings. 

The irradiating source was then moved a specific distance down 
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the discharge tube and the above process repeated. The distances moved 
and the lengths of the positive column irradiated were varied. Using tube A 
(see Fig. 2), one set of measurements was made irradiating only a 5 cm sec- 
tion of the positive column at each position. Potential change measurements 
were made at various currents, although the discharge was unstable during 
most of these measurements. Measurements were made along the entire 
length of the discharge tube when this could be done. This procedure was 
carried out with tube A with discharge currents ranging from 0.57 ma to 1.5 
ma at a pressure of 3.4 mm Hg. 

The investigations conducted with Tube B (see Fig. 2) were 
carried out at currents of 3.5 ma and 5.0 ma at a pressure of 6.6 mm Hg. 
Measurements were made in this tube with a hot cathode and an anode dis- 
charge of 250 ma, a cold cathode and the same anode discharge andwith a 
cold cathode and no anode discharge. 

Initial investigations were conducted with tube A, uSing an ir- 
radiating source of seven Central Scientific Co. argon spectrum tubes. 
These tubes were mounted as shown in Fig. 15. A5 by 8 cm section in the 
base of the mount was removed and provision made for the insertion of a 
light shield and the filter. 

This irradiating source was not controllable as to the intensity 
of the irradiation emitted. However, the results of these preliminary investi- 
gations indicated that a more controlled experiment should yield considerably 
more information on the nature of irradiative depopulation of the metastable 
atoms in the discharge. 
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Fig. 15. Construction and electrical circuit for 
uradiating source for discharge tube A. 
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The accuracy of the measurements made in this first attempt 
is in doubt, the errors could be as high as + 20% in the potential change 
when the discharge was unstable. The frequency and wavelength change 
could be determined only when the discharge was stable and, under such 
operating conditions, the accuracy of all measurements is considerably in- 
creased. The ratio of the light intensity from the irradiating source to the 
average light intensity of the discharge was of the order of 20/1. 

For more controlled investigations, a new irradiating source was 
constructed to permit accurate control of the source light intensity. This 
source consisted of twenty argon spectrum tubes arranged in four groups of 
five tubes each. The groups of tubes were mounted on a rectangular box 
with a 4 by 5 cm opening cut in each side to allow for irradiation over a 4 cm 
section of the positive column. The openings were fitted with slots to per- 
mit insertion of light shields and filters as required. To assure minimum 
dispersion of the irradiation to other sections of the discharge tube, a card- 
board cylinder approximately 3 mm larger in diameter than the discharge tube, 
was inserted inside the mounting box and sealed at the openings to the irrad- 
lating source. Figs. 16 and 17 show the details of the irradiating source and 
the associated electrical circuit. 

The electrical power to the spectrum tubes was supplied by a 
Kepco, model 1250 B, voltage regulated, dc power supply, which provided 
up to 1000 volts and 500 ma. Power from the supply was connected to a dis- 
tribution panel with four 20 kohm variable resistors in parallel with the high 
voltage source. The output from each resistor was passed through a separate 
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Fig. 16. Irradiating Source Construction 
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Fig. 17. Electrical Circuit for Controllable Irradiating Source. 
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milliammeter to one of the four groups of spectrum tubes. Each spectrum 
tube in a group was connected in parallel to the high voltage through a 50 
kohm series resistance. The illumination level of each group could be con- 
trolled independently of the others by adjustment of the variable resistor on 
the distribution panel, the current passing through each group being read 
directly from the milliammeter. 

By plotting the light intensity emitted from each group as a func- 
tion of the current through the group, a direct relationship was obtained with 
which to determine the illumination level by adjusting the current flow to the 
desired value. On the same graph, the average light intensity from the main 
discharge tube was plotted as a function of the discharge current. By refer- 
ence to this graph, the ratio of the light intensity from the irradiating source 
to the average light intensity from the main discharge was easily determined. 
The investigations carried out using this source were conducted with discharge 
tube B. Fig. 18 is the graph by which the illumination levels were determined. 

4.3 Observations. 

In discharge tube A, the potential change across the tube at con- 
stant current, when irradiating 5 cm sections of the positive column, is sum- 
marized in Fig. 19. In this discharge tube, there appears to be a large increase 
at the cathode end of the positive column and a rather uniform increase through- 
out the remainder of the column. lt is of some interest to note the effect of 
increasing current on the position where the maximum increase 1n potential 
occurs. As the current is increased, this maximum appears to shift toward 
the cathode. This large increase may be due to several factors which will be 
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discussed turther in the analysis section of this report. 

The intensity of the irradiating source used for investigations 
on this discharge tube was not controllable. The main discharge was operat- 
ed only with a cold cathode and without an anode discharge. The discharge 
would become unstable whenever it was irradiated except when operating at 
a current of 0.65 ma. Even in this case, the discharge would degenerate to 
an unstable condition when irradiated within 15 cm of the cathode. Under 
such conditions, the accuracy of the measurements made is in doubt. Beyond 
the area extending to approximately 15 cm from the cathode, the discharge 
would remain stable when illuminated only at a current of 0.65 ma. Through- 
out this region, the potential increase for a given current was relatively 
uniform. 

When the discharge did remain stable while illuminating it with 
resonant radiation, the striation frequency and wavelength could be measured. 
The general effect of illumination was to increase both the frequency and wave- 
length, and therefore the velocity of the striations. Fig. 21 shows the effect 
on these parameters in discharge tube A. Since all of these parameters are 
related, only the change in wavelength and velocity are shown. There is a 
rather large increase in these parameters observed at a distance between 20 
and 25 cm from the cathode, the increase rising to a maximum at this point 
and then decreasing to a constant value from approximately 40 cm from the 
cathode to the anode. 

One of the most interesting observations made in discharge tube 
A at 0.65ma is shown in Fig. 20. Directly under the irradiating source at 


all positions along the positive column, the amplitude of the light intensity 
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from the moving striations was almost tripled while that from other sections 
of the discharge tube was apparently not affected. This large increase was 
observed to diminish to the amplitude of the light intensity from the stria- 
tions in other sections of the discharge within approximately 3 cm to either 
side of the irradiating source. Since the discharge would not remain stable 
at other operating currents, this phemomenon could not be investigated ex- 
cept at 0.65 ma in tube A. 

The investigations conducted using discharge tube B provided 
more reliable potential change results since the discharge would remain 
stable over a wider range of currents. However, measurements of frequency 
and wavelength changes were abandoned, after several attempts, since the 
current could not be stabilized for a sufficiently long period of time. Also, 
the length of the irradiating source was such that accurate measurements 
could not be made at all positions in the discharge. 

The light intensity from the irradiating source used in the inves- 
tigations on discharge tube B was completely and accurately controllable 
from illumination ratios of 15/1 to ratios of 300/1. In this report, the illum- 
ination ratio will be defined as the ratio of the light intensity from the irrad- 
iating source to the average light intensity from the experimental discharge. 

Fig. 22 shows the effect on the potential increase due to filter- 
ing the irradiation from the source tubes. The filters used were those de- 
scribed in Section 4.2. The range of wavelengths passed by these filters is 
shown in Fig. 11. The slight decrease in the potential change using the 
filters is accounted for by considering the attenuation by the filters of the 
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resonant wavelengths from the source. 

Fig. 23 demonstrates the effect of increasing irradiation inten- 
Sity on the potential change. The potential increase is approximately 2% 
for each doubling of the illumination ratio in the region of the positive col- 
umn extending from the cathode end to the point of maximum increase. From 
the point of maximum increase in potential on toward the anode, doubling 
the illumination ratio appears to exert a lesser effect. It should be noted 
that increasing the illumination ratio also had less effect on the amplitude 
of the light intensity from the moving striations in the region of the positive 
column beyond the point of maximum potential increase. 

The effect of a hot cathode on the potential increase across the 
discharge tube after irradiation was found to be considerable. Fig. 24 shows 
the potential increase observed with a cold cathode vs the potential increase 
observed with a hot cathode. Also depicted on this graph are the results ob- 
tained while operating with a cold cathode and no anode discharge. The 
latter case is a duplication of the operating conditions of discharge tube A 
and, except for the abrupt rise in the curves of potential increase derived 
from that tube, shows good correlation between the two discharge tubes. 
Discharge tube B was also always unstable after illumination when no anode 
discharge was running. 

Fig. 25 is a demonstration of the degree to which the illumina- 
tion ratio could be controlled with the irradiating source constructed for the 
investigations in discharge tube B. Referring to Fig 18 in Section 4.2, it 
is readily seen that an illumination ratio of 140/1 can be achieved with four 
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irradiating source groups operated at a current of 23 ma each, or with two 
such groups operated at a current of 46 ma each. This can be applied to other 
illumination ratios as well. In both cases mentioned above, the potential in- 
crease is practically the same, and in any case, well within experimental 
epror . 

The effects produced on the moving striations when the discharge 
was illuminated were very pronounced and completely reproducible. In gen- 
eral, the striation light amplitude was decreased throughout the positive 
column with increasing illumination intensity, the decrease always being 
greatest where the potential increase was greatest. In the regions of the 
discharge tube where the potential increase exceeded approximately 12%, 
the striations could be destroyed entirely throughout the positive column 
(within the detection capability of the equipment used) with sufficient illum- 
ination intensity. Fig. 26 shows the effect of increasing illumination inten- 
sity on the amplitude of the light intensity emitted by the moving striations. 
It is interesting to note that the amplitude of the light intensity from the 
moving striations appears to decrease first at the cathode end of the positive 
column. This is the general observation when operating with a hot cathode. 
On the other hand, the decrease is equal throughout the positive LANES 
when operating with a cold cathode. A possible explanation of this pheno- 
menon will be discusssed in the analysis section of this report. The oscil- 
loscope pictures in Fig. 26 were taken with the irradiating source ata 
position 33 cm from the cathode. The photomultiplier tubes were at equal 


distances from the irradiating source. 
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While operating the discharge with a cold cathode, but with an 
anode discharge of 250 ma, the striations could be destroyed at any position 
of the irradiating source along the positive column that could be reached. The 
connection from the discharge tube to the vacuum system prevented irradia- 
tion of the positive column beyond 57 cm from the cathode. The striations 
were again observed to be most sensitive to resonant radiation where the 
greatest increase in potential occurred. 

No analysis of the striation behavior could be made when operat- 
ing without an anode discharge as the main discharge would always become 
unstable when irradiated. 

With a discharge current of 5.0 ma, another interesting pheno- 
menon occurred when the positive column was irradiated at a position 29 cm 
from the cathode. With an illumination ratio of 70/1, the amplitude of the 
light intensity from the moving striations was observed to increase when the 
discharge was illuminated. When the illumination ratio was doubled, the 
amplitude decreased in mcuh the same manner as was observed at the lower 
current. With the irradiating source 4 cm to either side of the above position, 
no such effect was observed. Fig. 27 shows the occurrence of this pheno- 
menon as contrasted with the effect observed at a position 4 cm beyond the 
position referred to above. 

When standing striations were present in the positive column of 
the discharge, very large increases in tube potential, along with a large 
reduction in discharge current, were observed whenever one or more of these 
striations was illuminated with resonant radiation. With a relatively low 
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illumination ratio, approximately 20/1. the discharge would be extinguished 
immediately when illuminated while operating at currents up to 13 ma. This 
occurred with a 1000 volt supply to the discharge tube with appropriate re- 
sistance in series to limit the current. The pressure in the discharge tube 
at this time was 3.6 mm Hg. At 14 ma,the percent increase in tube potential 
was as high as 15% with an illumination ratio of 20/1. Other phenomena 
such as bending of the positive column, increasing the number of standing 
striations in the positive column, removing the standing striations directly 
under the irradiation and several others were observed when the discharge 
was irradiated. Investigation of these phenomena was not pursued since the 
primary goal of this work was concerned with moving striations. 

4.4 Analysis of Observations. 

The potential increase associated with the illumination of the dis- 
charge by resonant radiation is apparently due to irradiative depopulation of 
metastable atoms. This is demonstrated by the fact that the entire increase 
in potential can be attributed to radiation by only those wavelengths asso- 
ciated with the metastable transitions while filtering out wavelengths outside 
of this range. This is shown in Fig. 22. 

In discharge tube A, the large increase in potential observed at 
the cathode end of the positive column when irradiated may have been due to 
the formation of standing Striations in that region of the discharge. The 
development of standing striations near the cathode is not uncommon at low 
pressures, as is shown by Cooper (13) in neon. At very low currents these 
striations are not normally visible to the naked eye. 
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When operating discharge tube A at 0.65 ma, the potential in- 
crease beyond the region of instability (Fig. 21) is relatively uniform through~- 
out the positive column. There appears to be a slight increase in the poten- 
tial change in the same region where the velocity and wavelength of the 
moving striations show a marked increase. 

The increase in light intensity of the moving striations directly 
under the irradiating source in discharge tube A (Fig. 20) can be explained 
on the basis of Robertson's theory (3) and his latest published work (9), and 
the statement made by Donahue and Dieke (5) that the velocity of the stria- 
tions is greatest when the light intensity is brightest. 

In Robertson's theory (3) (9), the product of the metastable con- 
centration (M) and the derivative of the electron density function (df/dn) , 
appears as the controlling factor in the production of instabilities within the 
positive column which lead to moving striations. This product (M df/dn) is 
defined by Robertson as the ionization rate per unit volume of metastable 
atoms (9). According to Robertson, moving striations are expected when this 
product is sufficiently positive. Also, the regen, of the striations should 
increase with an increasingly positive ionization rate per unit volume of 
metastable atoms. In this work, the frequency and the velocity of the moving 
striations were shown to increase under the influence of a relatively weak 
illumination ratio in discharge tube A (see Fig. 21). In reference (9), Robert- 
son shows that in the low current regions, the product M df/dn can actually 
increase while the metastable concentration M is decreased. 


This explanation can also be applied to the increased striation 
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light intensity observed throughout the discharge in tube B under the influ- 
ence of a relatively weak illumination ratio and a current of 5.0 ma (see 
Fig. 27). No prediction can accurately be made as to when such a pheno- 
menon should be observed, as neither the form of the electron density func- 
tion, F(n), in Robertson's theory nor the actual metastable concentration is 
known. 

Under other illuminating and operating conditions, the general 
effect of illumination by resonant radiation was a decrease in the striation 
light intensity with increasing illumination intensity. This decrease could 
be carried to the point where striations, if present, were not detectable above 
the noise level of the photomultiplier tubes. This would be the result nor- 
mally expected when irradiative depopulation was occurring, according to 
Robertson. 

The increase in the potential change in the cathode region of the 
discharge when operating with a cold cathode (Fig. 24) can also be explained. 
It 1s believed that this increase, as much as 9% above the increase observed 
when operating with ahot cathode, is due to irradiative depopulation of the 
metastable atoms in that region by radiation emitted from the hot cathode. 
This is also a possible explanation for the aisaneeerancé of the striations 
at the cathode end of the positive column first as the cut-off current is ap- 
proached as shown by Cooper (13) and Oleson and Cooper (15). The explana- 
tion applies equally well to the fact that the striation light intensity was ob- 
served to decrease first at the cathode end of the positive calumn (Fig. 26) 
when operating with a hot cathode. This phenomenon was not observed when 
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the discharge was operated with a cold cathode. The color temperature of 


the cathode in this experiment was estimated to be approximately 3000°K. 
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9. Conclusions. 
5.1 Conclusions. 

The metastable concentration in argon appears to exert a large in- 
fluence on the behavior of moving striations in the range of pressures and 
currents investigated in this experiment. This is substantiated by the in- 
crease in discharge tube potential when the discharge was illuminated with 
the resonant wavelengths necessary for irradiative depopulation of the meta- 
stable states of argon. Additionally, this conclusion is supported by the 
fact that the moving striations were most sensitive to resonant radiation in 
the regions where the potential increase was greatest. This conclusion gains 
additional support from the results of the experiments using a hot cathode and 
a cold cathode. Fig. 24 would tend to support the conclusion that radiation 
from a hot cathode reduces the metastable atom concentration in that region of 
the discharge. Therefore, the effects observed in that region, when irradiated 
with an expences resonant source, are considerably less than those observed 
while operating with a cold cathode. 

The stability of the discharge also appears to have a large effect 
on the potential increase when the discharge is illuminated. When the dis- 
charge is unstable, the potential increase is relatively constant throughout 
the positive column and less than the increase observed when the discharge 
is stable. 

In these investigations, the metastable concentration appears to 
reach a maximum value near the center of the positive column under stable 
operating conditions. This conclusion is based on the results of the potential 
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increase as a function of the distance along the positive column when ir- 
radiated with the resonant wavelengths necessary to cause irradiative de- 
population of the metastable atoms in argon. It 1s supported by the fact 

that the effects produced on the moving striations, by resonant radiation, 

are greatest where the potential increase is greatest. Fig. 24 could be 
interpreted as a very rough indication of the metastable concentration through- 
out the positive column under the various discharge conditions. 

Standing striations appear to contain large concentrations of meta- 
stable atoms. This is supported by the fact that the illumination of a single 
standing striation produces a much greater potential increase for a given il- 
lumination ratio, than is normally experienced when they are not present. 

In general, the results of this experiment lend added support to the 
Robertson theory of moving striations. Many of the effects observed in this 
experiment can be predicted from this theory of moving striations. 

5.2 Recommendations for Further Work. 

In view of the limited range of currents and pressures investigated 
in this experiment, it 1s recommended that further investigations be carried 
Out over a wider range of discharge conditions. Also, a shorter irradiating 
source would permit irradiation further along the discharge tube than was 
possible in this experiment. Such a source could be constructed by using a 
long capillary tube wound around the main discharge tube. The illumination 
intensity of the irradiating source should be controllable. 

The effect of the hot cathode should also be investigated further. 
This may be accomplished by designing a discharge tube with a side arm 
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cathode, shielded to prevent radiation from the hot cathode from propagating 
down the positive column. 

The problem of major interest is to determine the time rate of change 
of metastable atom concentrations within a striated glow discharge. A poss- 
ible technique for determining such a quantity is outlined in Section 3.4 of 
this report. 
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